Crossed reflex of limbs has been hitherto observed mainly in decerebrate or spinal animals.
In man it was only recognized in pathological cases. The author, however, succeeded in this study in finding a suitable arrangement, in which the crossed reflex involving four limbs could be elicited and recorded even in healthy human subjects.
As has been known since the last century, cutaneous stimulation applied to a hind limb of a decerebrate cat reflexively produces, not only contraction of the same hind limb, but also extension of the contralateral hind limb, and further, extension of the ipsilateral paw and contraction of the contralateral paw (Sherrington1898).
Strong passive flexion of a hind limb elicits in decerebrate cats reflex extension of the contralateral hind limb (Philippson1905), with further involvement of paws in the reflex (Pi-Surier and Fulton 1928, Samojloff and Kisseloff1928).
In healthy humans, crossed reflex of this kind is not shown (Bohme1929), although it appears in central nervous disorders.
Schenck and Koehler (1949) recently reported difficulty in detecting the crossed reflex in healthy subjects.
Considering the importance of "cross education" (Hellebrandt et al. 1947 ) in physical rehabilitation, the clarification of the mode of this reflex, especially in humans, may also be of practical value.
METHOD
For proving existence and obtaining orientation of the crossed reflex of limbs, a technique of mechanical recording was first used in this study. Electric recording was further employed to discern the activity of the motor unit. Tapping of a knee, electric stimulation of the femoral extensor or passive extension of the latter served as stimuli.
Technique of mechanical recording
For detection of the crossed reflex, the same device as that previously used by the author (1950) for detection of the neck reflex in healthy humans, was applied with a slight modification, so that the seat of the chair was sufficiently high to allow the legs to hang naturally.
Unilateral knee-tapping was effective. The general arrangement and the posture of the subject are illustrated in the accompanying figure (fig.1 ). The shoulder (F) of the subject is connected by a string (broken line) through pulleys (C, D, E) with the recording lever (AB). When the subject, holding the stick (XY), changes the posture of his arm, the stick becomes inclined changing the distance EF and causing the pointer of the recording lever to move upward or downward, as the case may be. A downward stroke on the drum corresponds to the flexion of the elbow joint.
The subject is ordered to sit relaxed, with eyes shut. On tapping the knee tendon, extension or flexion of the limbs is observed.
Electric recording
The subject sits in a shielded room on a chair as shown in fig.2 , with both legs bent at the knee, hanging free.
Coaxial needle electrodes are introduced into femoral rectal, brachial biceps and brachial triceps muscles.
The electrodes are connected with an oscillograph through an amplifier.
Movement of limbs is recorded by air transmission and an optical lever on the same paper as the electromyogram.
The muscle to be examined is kept in a state of slight voluntary tone.
In using this technique, the following three kinds of stimuli were employed.
(1) Unilateral patellar tendon tapping. Maximal stimulation with a tapping hammer. The time of tapping was electrically relayed and recorded on the paper along with the EMG.
(2) Electric stimulation of unilateral leg extensor.
The stimulating electrode was a silver disc, 8 mm. in diameter placed on the motor point of the femoral rectal muscle.. Another silver disc, I. cm. in diameter, was pasted with electrolyte-paste on the skin toward the knee tendon. Through these electrodes, a single maximal opening shock from an inductorium was applied.
(3) Passive flexion of unilateral knee joint.
Slow or Quick flexion of the knee joint was applied for passive extension of the femoral extensor. 
Result by patellar tapping technique
When the patellar tendon on one side was tapped, extension occurs, not only at the same knee, but also at the contralateral knee joint, together with flexion of the ipsilateral elbow and extension of the contralateral elbow. Fig.3 shows reflex flexion and extension of an elbow joint.
In fig.3 A flexion (a) and extension (b) of the left elbow joint were elicited by tapping on the left or right knee tendon respectively. This pattern, however, was modified after alcohol ingestion, when reflex extension dominated ( fig.3B) .
In cases of aeroneurosis, this trend was found accentuated.
The elbow joint, namely, responded invariably with reflex extension regardless of the side of the knee tendon stimulated.
FIG.3.
Reflex flexion (downward) and extension (upward) of the left elbow joint elicited by tapping on the knee tendon.
A. Normal adult. a. Flexion by left knee tapping.
b. Extension by right knee tapping.
B. The same after alcohol ingestion. Reflex extension dominates.
C. Aeroneurosis. Extension of the elbow elicited regardless of the side of the knee tendon stimulated.
The pattern of the reflex elicited by the patellar tendon tapping was then studied on the electromyogram by the arrangement shown in fig.2 . In the femoral rectal muscle of the stimulated leg, two series of synchronous discharges were observed20-30msec.
and90-150msec. from the time of tendon tapping-the primary and the secondary discharge.
Discharge stopped for about 60msec. between the primary and the secondary discharge, and for60-150msec. following the secondary discharge. The primary discharge from the contralateral femoral rectal muscle was less defined, although the secondary discharge was marked.
The time of onset of the secondary discharge from the contralateral femoral rectal muscle roughly coincides with that from the ipsilateral muscle.
Reflex extention of the knee joint occurred ipsilaterally about50msec. after the primary discharge, and contralaterally about50msec. after the secondary discharge, the former preceding the latter by about 80 msec.
The electromyograms from the ipsilateral brachial biceps and the contralateral femoral rectal muscles revealed similar features to their primary discharge, namely, being less defined; and the secondary discharge as well as the latent period for the reflex flexion or extension of the elbow resembled those for the contralateral leg. Records of several runs for each series of experiments were superposed and are shown in the accompanying figure (fig. 4 ).
2.
Result by electric stimulation of a lower limb When a single shock was applied on the skin over the extensor of the lower limb, contraction not only of the same extensor, but also of the contralateral one occurred, even if they had been kept without voluntary tension.
The reflex Downward stroke of the reflex movement curve represents extension . The EMG was obtained from the femoral rectal muscle for the lower limb, the brachial biceps muscle for the ipsilateral upper limb, and from the brachial triceps muscle for the contralateral upper limb. S, signal of tapping. On the top, time is marked every 100 msec.
irradiation was more marked when the muscle was on a level of slight voluntary tension.
In this series of experiments, observation was limited to the lower limbs. Reflex movements of the knee joint of both sides as well as the EMG of the femoral rectal muscle of both sides elicited by electric stimulation were similar to those produced by the knee tendon tapping.
In the case of electric stimulation, the EMG carried the primary discharge 20-30 msec. after the stimulation, and the secondary discharge 50-120 msec. after. The pause of discharge occurred for about 40 msec. between the primary and the secondary discharges and for 80-150 msec. after the secondary discharge.
The reflex extension of the knee joint of the stimulated side set in about50msec. after the primary discharge.
The EMG of the contralateral femoral rectal muscle was a duplicate of that of the ipsilateral mate, except that the primary discharge was less definite. Reflex extension of the contralateral knee joint appears about50msec. after the secondary discharge. (See fig.5 Reflex patterns of both lower limbs are compared with each other in the accompanying histograms ( fig.6 ), representing the frequency distribution of latencies.
The upper diagram pertains to the contralateral, the lower to the ipsilateral reflex activity.
3. Result by passive flexion of unilateral knee joint When both lower limbs were held extended by a slight voluntary effort and one of them was passively and slowly flexed at the knee, slow extension was observed to occur in the contralateral knee joint. A corresponding change of pattern was observed in the EMG.
Intervals of the rhythmic discharge began FIG.6. Frequency distribution of reflex latencies . Upper diagram: contralateral femoral rectal muscle . r2c, latency for the secondary discharge.
Rc, latency for the reflex extension of the knee joint . Lower diagram: ipsilateral femoral rectal muscle. n , latency for the primary discharge; r2i, latency for the secondary discharge; Ri, latency for the reflex extension of the knee joint .
gradually to shorten in the ipsilateral femoral rectal muscle, and the same occurred a little later in the contralateral mate ( fig .7 ). On the other hand, passive abrupt flexion of a knee joint elicited quick reflex extension of the contralateral knee joint . In the EMG, rhythmic discharge from the muscle on the stimulated side stopped about 90 msec . after the stimulation, until 120 msec. later , when the rhythmic discharge reappeared.
On the contralateral side, synchronic discharge appeared about 90 msec . after the stimulation, to last about 100 msec. Extension of the contralateral knee joint occurred 130-150 msec. after the stimulation ( fig .8 ). On the top, time is marked every 10 and 100 msec. 1. Pattern of the reflexes The above described crossed reflexes of the lower limbs, elicited in humans by three different procedures, have a common feature in the concommitant excitation of the knee extensor on both sides.
In this sense they conform with the Philippson reflex rather than the crossed extensor reflex observed in decerebrate animals, e.g. cats.
The reflex pattern in the present cases is based on the identical innervation instead of reciprocal innervation, and may be regarded to represent the galloping or sitting type of Lloyd (1950) .
Irradiation of the reflex to upper limbs occurs in the normal human subject , as is shown by the result of the knee tendon tapping experiment , in the form of ipsilateral flexion and contralateral extension of the elbow. The effect of alcohol or neurosis is expressed in the domination of the extension , often entailing the reflex reversal.
The reflex to the upper limbs occurs in a mode similar to that observed by Samojloff and Kisseloff (1928) , and Pi-Surier and Fulton (1928).
Pattern of the discharge
The pattern of the discharge is classified into two types. In cases of knee tendon tapping and electric stimulation, an identical pattern was observed , while a different pattern appeared in cases of unilateral passive flexion of the knee joint.
A. In cases of knee tendon tapping and electric stimulation In these cases, the EMG of the ipsilateral femoral rectal muscle carries a definite primary and secondary discharge, and the reflex extension of the knee joint occurs about50msec.
after the start of the primary discharge. The first discharge is inconspicuous in the EMG of the contralateral femoral rectal muscle , ipsilateral brachial biceps and contralateral brachial triceps muscles. The secondary discharge from these muscles corresponds to that obtained from the ipsilateral femoral rectal muscle.
Reflex contraction of the above mentioned three muscles occurs about 50 msec. after the commencement of the secondary discharge. This leads to the conclusion that the extension of the ipsilateral knee joint is connected with the primary discharge, while the reflex movement of the other limbs is related to the secondary discharge.
The latency of the primary discharge is20-30msec.; and that of the secondary discharge is90-150msec.
in cases of knee tendon tapping, and50-120msec. in cases of electric stimulation.
From these figures, the primary discharge obviously represents a monosynaptic reflex, while the secondary discharge is probably the expression of a polysynaptic reflex. Consequently the difference between the latency for the primary discharge and that for the secondary discharge corresponds to the time neccessary for the impulse to travel in the spinal medulla to the respective motor neuron for other limbs. This calculation,60-90 msec. then, will give a rough estimation of the central reflex time.
The result of the present author, that the irradiation of the reflex to the upper limb occurs in the sense of crossed reflex, resembles the finding of Bernhard and Therman (1947) . When, namely, they stimulated the sciatic nerve of one side in decerebrate cats with a single shock, and recorded the discharge from the brachial biceps and triceps muscles of both sides, they observed an increase in central excitability20-30msec.
and90-100msec. after the stimulation, and its decrease50msec.
and150msec. after the stimulation.
As to the irradiation of the reflex in healthy human subjects, there is a report by Hoffmann and Tonnie (1948) on the tongue-mandibular reflex. However, the irradiation of the excitation in form of crossed reflex of the limb has been hitherto regarded as undicernible in healthy humans as above mentioned (Schenck and Koehler 1949) .
B. In cases of passive knee flexion When slow knee flexion was executed passively, there occurs a shortening of discharge intervals in the EMG of the femoral rectal muscle of both sides, which shows enhancement of the excitability of the motor nerve cells of both sides. This is obviously caused by a proprioceptive reflex ipsilaterally and by irradiation of the excitation contralaterally. Abrupt passive flexion of the knee joint causes rhythmic discharge from the ipsilateral femoral rectal muscle to disappear about90msec.
after the stimulation.
This may be regarded as a lengthening reaction. It may also be considered as a servo-mechanism (Merton1951). Irradiation of the reflex is represented by the augmentation of the discharge from the contralateral femoral rectal muscle after about90msec., and the extension of the contralateral knee joint occurring about50msec.
after the commencement of the discharge.
C. Silent period
The presence of temporary cessation of the discharge after the synchronous discharge of the knee reflex elicited by the patellar tendon tapping, has been noted since Hoffmann (1920) under the designation of "Hemmungsphase" or silent period.
The same phenomenon is observed with electric stimulation, and its mechamism of occurrence has been repeatedly discussed (Denny-Brown 1928, Creed et al. 1932 , Matthews1933, Hoffmann1934, Schenck and Koehler 1949 , Granit1950, and Merton1951, 1953 ). According to Merton (1951) , occurrence of the silent period requires muscular contraction.
He regards it as a servo-mechanism. The result of the present author, however, contains some points, that do not conform with such an explanation; (i) the silent period occurs at the same time on both sides, although muscular contraction appears with different timing on the other side; (ii) the pattern of the silent period remains the same, even when the ipsilateral muscular contraction retards; (iii) the silent period occurs on the contralateral side, even when the contralateral muscular contraction is absent. Bernhard and Therman (1947) and Schenck and Koehler (1949) attributed the phenomenon to a cyclic change in the spinal excitability, the former from observations in animals, the latter based on human experiments. 
SUMMARY
Crossed reflex of the limb, observed in decerebrate or spinal animals, has not been recognized in healthy man, although it occurs in patients with central nervous disorders.
The author, however, showed it can also be elicited in healthy man under suitable conditions.
To the subject, seated with legs hanging free, one of the following three kinds of stimuli was given, and the ensuing reflexive movement of the limbs as well as the EMG of relevant muscles were recorded.
1. Mechanical tapping of the patellar tendon of one side, which produced reflex extension of ipsilateral and contralateral knee joints, reflex flexion of ipsilateral elbow, and reflex extension of contralateral elbow. In the ipsilateral femoral rectal muscle, there appeared two series of synchronous discharges, the primary and the secondary, with latency of20-30msec. and90-150msec. respectively.
In the contralateral mate, a synchronous discharge occurred90-150 msec. after the stimulation.
The primary discharge is obviously responsible for the ipsilateral knee extension, while the secondary discharge is regarded to cause reflex extension or flexion of other limbs.
2. Electric stimulation with a single shock applied to the skin covering the knee extensor muscle of one side, which produced a similar result.
3. Passive flexion of a knee joint, which gave rise to reflex extension of the contralateral knee joint. This conforms with Philippson reflex in pattern. Also the tonic and the phasic patterns of this reflex could be demonstrated by executing passive flexion slowly or abruptly.
4. Central reflex time in these crossed reflexes was calculated from the above mentioned experiment to be 60-90msec. Further, the mechanism of occurrence of the silent period of discharge was discussed.
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